Aims/hypothesis Previous studies have suggested a possible connection between Helicobacter pylori (H. pylori) infection and diabetes risk. However, prospective studies examining direct associations between these two factors are relatively lacking. In this prospective cohort study, we aimed to evaluate the association between H. pylori infection and risk of developing diabetes. Methods We performed a population-based prospective study, recruiting participants aged 45-74 years and without diabetes from the Chinese Multi-provincial Cohort Study in 2002, with a 10 year follow-up to investigate development of diabetes. H. pylori serostatus was determined by measuring serum H. pylori antibodies. H. pylori seropositivity was defined as the antibody concentration ≥ 10 U/ml. To examine the association between H. pylori seropositivity and diabetes risk, modified Poisson regression was performed. Results Of 2085 participants without diabetes, 1208 (57.9%) were H. pylori seropositive in 2002. After multivariate adjustment of possible diabetes risk factors, H. pylori seropositivity was associated with lower risk of diabetes (RR 0.78 [95% CI 0.63, 0.97], p = 0.022). Of the 1275 participants with H. pylori antibody measurements in both 2002 and 2007, 677 (53.1%) were persistently seropositive. A lower risk of diabetes was also observed in participants with persistent H. pylori seropositivity (RR 0.61 [95% CI 0.41, 0.93], p = 0.020), compared with those persistently seronegative. Conclusions/interpretation H. pylori seropositivity was associated with lower risk of diabetes in this prospective cohort study. Extrapolation of these results and the mechanism underlying the observed association require further investigation.
Introduction
It is estimated that more than 50% of the world's population are infected with Helicobacter pylori, a gram-negative bacterium primarily colonising the human stomach [1] . The harmful effects of H. pylori infection on several gastrointestinal diseases have been well established [2] . An increasing number of studies have also revealed that H. pylori infection may have a wider ranging impact on health through its extragastrointestinal effects [3] . Specifically, this includes an association between H. pylori infection and diabetes [4] [5] [6] , a harmful metabolic disease with rapidly increasing prevalence worldwide, particularly over the past 30 years [7] .
A large number of published studies, reviews and book chapters have reported associations between H. pylori infection and serum or gastric concentrations of various hormones [2, [8] [9] [10] , such as insulin, glucagon-like peptide 1, leptin, ghrelin, gastrin and somatostatin, some of which are involved in glucose metabolism directly or indirectly [11] [12] [13] [14] [15] [16] [17] . These studies provided the preliminary pathophysiological evidence for the potential connection between H. pylori infection and diabetes risk. Several studies have reported direct evidence for the association between H. pylori infection and diabetes risk [4] [5] [6] . However, most of these studies were based on relatively small sample sizes using either a cross-sectional or casecontrol design, with inconsistent results.
Whether H. pylori infection is indeed associated with diabetes risk is critically important and relevant to clinical decisions regarding future treatment of H. pylori as well as diabetes prevention strategies. Therefore, the purpose of this study was to examine the association between H. pylori infection and the long-term risk of developing diabetes based on a prospective cohort study with a relatively large sample size and multiple H. pylori test results.
Methods
Study population Study participants were recruited from the Chinese Multi-provincial Cohort Study; a community-based cohort study from 1992 [18] . Initially, 2349 of 2505 participants without diabetes, from two communities in Beijing, China, with blood samples obtained in 2002 for H. pylori measurement were enrolled in this study. We excluded 45 (1.9%) deaths not related to diabetes and 219 (9.3%) participants who were lost to follow-up. Ultimately, data from 2085 (88.8%) individuals that had participated in either the 2007 (n = 1945) or 2012 (n = 1654) survey for diabetes were eligible for analysis to explore the association between H. pylori and the 10 year risk of developing diabetes (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) Fig. 1b) .
The baseline (2002) characteristics of the recruited participants and participants lost to follow-up were compared (ESM Table 1 ). There was no statistically significant difference in the H. pylori seropositivity rate between the two groups. All H. pylori antibodies were measured by latexenhanced turbidimetric immunoassay (Denka Seiken, Tokyo, Japan). H. pylori seropositivity was defined as H. pylori antibodies ≥ 10 U/ml with a sensitivity of 94.0% and specificity of 91.7% when using the endoscopic gastric mucosal atrophy and rapid urease test as the gold standard [19] . Persistent seropositivity was defined as H. pylori antibodies ≥ 10 U/ml in both the 2002 and 2007 samples for the same person.
Pre-study validation of the H. pylori antibody assay was performed by measuring H. pylori antibody in four quality control serum samples of known low-concentrations and four known high-concentrations each day for 5 consecutive days (ESM Fig. 2 ). Variation in detection of H. pylori antibodies was small in the pre-study. Alongside measurements of H. pylori antibody in the study population, six quality control serum samples were added at different positions in each batch, including three known low-and three known highconcentration H. pylori antibody samples. The mean coefficient of variation was 9.98% for the low-concentration H. pylori antibody controls and 3.26% for the highconcentration H. pylori antibody controls. All measurements were completed using the automatic biochemical analyser (Hitachi 7180, Hitachi, Tokyo, Japan). Deaths were identified at follow-up visits by staff from collaborating centres and by regular searching of the death registration database of Beijing, which includes all deaths in the Beijing population. Diabetes was defined as any of the following criteria: (1) self-report of a physician's diagnosis of diabetes during the face-to-face survey, (2) use of glucose-lowering medications during the past 2 weeks, (3) fasting blood glucose (FBG) ≥ 7.0 mmol/l or (4) diabetes listed as the underlying cause of death on a death report.
Establishment of diabetes status
Assessment of relevant covariates Other information, including demographic variables, level of education, smoking status and personal medical history, was collected in 2002 and 2007 [20] . Level of education was divided into two categories according to whether the participants received a college education (education time ≤ 12 or > 12 years). Smoking was defined as smoking one or more cigarettes per day for at least 3 months. Lipid-lowering therapies were recorded based on whether the participants were taking lipid-lowering medication.
Physical examinations, including height, weight and BP were performed by trained physicians during the on-site surveys Sample power estimation One cohort study has investigated the association between H. pylori seropositivity and risk of diabetes [6] . This study reported that those who were seropositive for H. pylori at recruitment were 2.69 times to develop diabetes than seronegative individuals. In our study, the cumulative incidence of diabetes in 10 years was 13.6% in seronegative participants. Based on this information with an alpha (probability of type I error) of 0.05, the actual sample size of 2085 in this study provided sufficient statistical power (power = 0.86).
Statistical analysis Baseline characteristics of the participants are described as mean (SD) for continuous variables with a normal distribution, median (interquartile range, IQR) for continuous variables with a skewed distribution and percentages for categorical variables. Baseline characteristics of the participants with and without H. pylori seropositivity were compared using the t test, Wilcoxon rank test or χ 2 test.
To examine the association between H. pylori seropositivity and diabetes risk (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) or persistent H. pylori seropositivity and diabetes risk (2007) (2008) (2009) (2010) (2011) (2012) , modified Poisson regression was performed to estimate RR and robust standard errors to estimate the 95% CIs [21] . Univariate analysis was performed first. Then, we performed a sex-and age-adjusted model (Model 1). We added further possible risk factors of diabetes to evaluate the association (Model 2), including BMI (continuous variable), HDL-C (continuous variable), triacylglycerol (< 1.7 or ≥ 1.7 mmol/l), FBG (continuous variable), systolic blood pressure (per 5 mmHg, continuous variable) and lipid-lowering medication (no or yes). Hs-CRP (< 3 or ≥ 3 mg/l), a sensitive biomarker of inflammation, reported to be associated with high risk of diabetes [22] , was added in Model 3. Moreover, level of education was also included in the model (Model 4), since socioeconomic status was an important factor for H. pylori infection, and level of education was associated with socioeconomic status.
Since participants did not undergo OGTT at baseline, the study may have included participants with diabetes only detectable by OGTT, particularly among participants with impaired fasting glucose (IFG) [23] . Thus, we further excluded participants with IFG (FBG > 6.1 mmol/l) from the sensitivity analysis.
Subgroup analyses were performed using baseline (2002) characteristics, including age (< 60 or ≥ 60 years), sex (men or women), BMI (< 25 or ≥ 25 kg/m 2 ), HDL-C (< 1.0 or ≥ 1.0 mmol/l), triacylglycerol (< 1.7 or 1.7 mmol/l), Hs-CRP (< 3 or ≥ 3 mg/l), hypertension (no or yes), FBG (< 5.6 or ≥ 5.6 mmol/l) and lipid-lowering therapy (no or yes) in a multivariable adjusted Poisson regression model. Alongside the grouping factors, other factors were used as adjustment variables. In addition, we performed further subgroup analyses using different baseline information (2002 and 2007) for the 5 year association between H. pylori and risk of diabetes. RRs between subgroups were compared using Z-test [24] .
Statistical analyses were conducted by SAS 9.2 (SAS Institute, Cary, NC, USA). Two-tailed p values < 0.05 were considered statistically significant.
Results
Baseline characteristics of the study participants The mean age of the participants (n = 2085) was 57.0 (±7.8) years in 2002 and 1214 (58.2%) participants were women. The H. pylori seropositivity rate was 57.9% in 2002. Baseline (2002) characteristics of the study participants were compared according to H. pylori serostatus (Table 1) . H. pylori seropositive participants were younger than seronegative participants and had a significantly higher BMI and lower serum HDL-C and a lower proportion had hypertension. The proportion of participants receiving college education (≥ 12 years) was higher among the H. pylori seronegative group. There were no significant differences in other characteristics between the H. pylori seropositive and seronegative groups.
Association between H. pylori seropositivity and risk of developing diabetes During the follow-up period (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) , 259 (12.4%) new cases of diabetes were recorded. Among these participants, 140 (11.6%) were identified in the H. pylori seropositive group and 119 (13.6%) were in the seronegative group. After further excluding participants with IFG, the association between H. pylori and diabetes risk was similar (Table 2 ; details in ESM Table 2) .
Association between persistent H. pylori seropositivity and risk of developing diabetes A total of 1275 participants had H. pylori antibody measurements in both 2002 and 2007, of which 677 (53.1%) were persistently seropositive and 514 (40.3%) were persistently seronegative. Only 19 (1.5%) participants transformed from seronegativity to seropositivity and 65 (5.1%) from seropositivity to seronegativity. A total of 84 individuals developed diabetes among these participants between 2007 and 2012, including 44 (8.6%) among those who were persistently seronegative, 35 (5.2%) among those who were persistently seropositive and five (7.7%) among those who transformed from seropositive to seronegative. No new cases of diabetes were identified among those transformed from seronegative to seropositive. As the serostatus only changed in a very small number of participants, we compared the risk of developing diabetes in participants who were persistently seropositive with those who were persistently seronegative, with 2007 as the baseline. Therefore, 1191 participants were included in the analysis of the association between persistent H. pylori seropositivity and diabetes risk. The baseline (2007) characteristics of these participants were compared across H. pylori serostatus (ESM Table 3 ). As displayed in Table 3 (details in ESM Table 4) , persistent H. pylori seropositivity was also associated with a lower risk of developing diabetes in both univariate and multivariate analyses. After excluding participants with IFG, H. pylori seropositivity was still associated with lower risk of diabetes (Table 3) . ), HDL-C (< 1.0 or ≥ 1.0 mmol/l), triacylglycerol (< 1.7 or ≥ 1.7 mmol/l), Hs-CRP (< 3 or ≥ 3 mg/l), hypertension (no or yes), FBG (< 5.6 or ≥ 5.6 mmol/l) and lipid-lowering therapy (no or yes) (Fig. 1) . H. pylori seropositivity was associated with lower risk of developing diabetes in different subgroups except in participants receiving lipid-lowering medication (RR 1.11 [95% CI 0.64, 1.94]). In addition, H. pylori seropositivity was associated with a lower 5 year risk of developing diabetes based on different baseline information (2002-2007; 2007-2012) .
Discussion
In this prospective cohort study, we carefully examined the association between H. pylori seropositivity and risk of developing diabetes, based on reliable measurements of antibody against H. pylori and a clear diagnosis of diabetes. We determined that H. pylori seropositivity was associated with lower risk of developing diabetes. To our knowledge, this is the first cohort study to evaluate the association between persistent H. pylori seropositivity and risk of developing diabetes and the first study to detect an inverse association between these factors.
The literature regarding the association between H. pylori and diabetes risk is inconsistent, with reports of positive, null and negative associations [4] [5] [6] . A published meta-analysis systematically reviewed the association between H. pylori Table 2 Association between H. pylori infection and risk of developing diabetes ( No., number Table 3 Association between persistent H. pylori infection and risk of developing diabetes No., number infection and diabetes based on observational studies and drew the conclusion that there was a trend toward more frequent H. pylori infection in individuals with diabetes [4] . However, cross-sectional or case-control studies could not determine the causality between H. pylori infection and diabetes. We are aware of only one prospective cohort study evaluating the association between H. pylori seropositivity and risk of diabetes [6] . This study derived data from the Sacramento Area Latino Study on Ageing and found that H. pylori seropositivity was associated with increased risk of incident diabetes (HR 2.7 [95% CI 1.1, 6.6]). However, the characteristics of our study population differed from this study in that their participants were older (60 to 101 years old) and the H. pylori seropositivity rate was much higher than ours (91.9% vs 57.9%).
Our finding of an inverse association between H. pylori seropositivity and diabetes risk was of physiological relevance. Several studies have reported that H. pylori seropositivity was associated with different hormones [2, [8] [9] [10] , most of which were involved in glucose metabolism directly or indirectly [11] [12] [13] [14] [15] [16] [17] . To our knowledge, at least three hormones supported our results, including gastrin, leptin and ghrelin.
Studies have reported that long-term gastrin treatment resulted in improved metabolic control and exerted proliferative effects on pancreatic beta cells [11] . Leptin has been reported to reduce hyperglycaemia in rodent models of type 1 diabetes and has recently been shown to normalise fasting plasma glucose concentrations in a rodent model of polygenic obesity and type 2 diabetes [14] . In contrast, ghrelin has been shown to upregulate systemic glucose levels in both humans and rodents [16] . Thus, studies reporting elevated gastrin and leptin and decreased ghrelin levels in individuals infected with H. pylori support our findings. However, the regulation of these hormones is intricate. Therefore, the association between H. pylori infection, hormones and diabetes requires further studies.
H. pylori has co-existed with humans for at least 58,000 years [25] , and only 10% of asymptomatic infected individuals develop gastrointestinal disease during their lifetime [1] . Regarding the view of co-adaptation of humans and microorganisms, we might reconsider our definitions of H. pylori and perhaps recognise it as a normal member of the human gastric microbiome [26] . The Kyoto global consensus on H. pylori gastritis, published in 2015, strongly recommended that all individuals infected with H. pylori should be offered eradication therapy, unless there were competing considerations [27] . If H. pylori infection could indeed affect diabetes risk, we should reconsider this strategy. More studies are needed to explore the association between these factors.
Several limitations associated with the current study deserve mention. First, 45 participants died and 219 were lost at followup between 2002 and 2012, which raised a consideration for the competing risk. To test each extreme situation, we analysed the association between H. pylori infection and risk of developing diabetes assuming that all of the participants who died or were lost at follow-up did not develop diabetes and then again, but assuming that all did develop diabetes (ESM Table 5 ). In both of these analyses, H. pylori seropositivity was still associated with lower risk of diabetes. Therefore, we believe that loss and death in our study have little effect on our findings. Additionally, time-to-event analysis could not be performed in our study as we only collected information regarding the development of diabetes at 5 yearly intervals. Furthermore, we did not collect the information about H. pylori eradication treatments in our study. However, as we knew, the awareness rate of H. pylori was very low even among individuals with gastrointestinal symptoms in China [28] , so we could speculate that the treatment rate could also be very low. In addition, we detected H. pylori in both 2002 and 2007 and found that the serostatus changed in only a few participants. To some extent, multi-point detection might better explain the long-term relationship between H. pylori and humans. In addition, we did not specifically measure the concentrations of antibodies against cytotoxin-associated gene A (CagA), a major factor influencing the virulence of H. pylori, in our population. A study has reported that FBG levels were significantly higher in uninfected mice compared with H. pylori-infected mice, regardless of the strain of H. pylori utilised [29] . However, only mice infected with a Cag pathogenicity island (PAI)-negative H. pylori strain, but not with an isogenic Cag PAI-positive strain, showed improvements in glucose tolerance. Therefore, further studies are still needed to investigate the association between antibodies against CagA and glycometabolism.
In summary, these findings provide new direct evidence for the association between H. pylori infection and diabetes risk. Analysis of the association between H. pylori and diabetes is of great public health and clinical significance given the high prevalence of H. pylori infection and significant burden of diabetes. Thus, clarification of the association between these factors might influence clinical decisions regarding future treatment of H. pylori infection as well as diabetes prevention strategies. However, extrapolation of this study requires verification by other prospective studies and clinical trials, and the underlying mechanism warrants further investigation.
